Commercialization of the polymer electrolyte membrane fuel cell (PEMFC) requires that electrocatalysts for oxygen reduction reaction (ORR) satisfy two main considerations: materials must be highly active and show long-term stability in acid medium. Here, we describe the synthesis, physical characterization, and electrochemical evaluation of carbon-dispersed Pt 2 NiCo nanocatalysts for ORR in acid medium. We synthesized a trimetallic electrocatalyst via chemical route in organic medium and investigated the physical properties of the Pt 2 NiCo/C nanocatalyst by X-ray diffraction (XRD), energy-dispersive X-ray spectroscopy-scanning electron microscope (EDXS-SEM), and scanning transmission electron microscopy (STEM), whereas the catalytic activities of the Pt 2 NiCo/C and Pt/C nanocatalysts were determined through cyclic voltammetry (CV), CO-stripping, and rotating disk electrode (RDE) electrochemical techniques. XRD and EDXS-SEM results confirmed the presence of the three metals in the nanoparticles, and scanning transmission electron microscopy (STEM) allowed observation of the Pt 2 NiCo nanoparticles at~10 nm. The measured specific activity for the synthesized nanocatalyst is~6.4-fold higher than that of Pt/C alone, and its mass activity is~2.2-fold higher than that of Pt/C, which is attributed to the synergistic interaction of the trimetallic electrocatalyst. Furthermore, the specific and mass activities of the synthesized material are maintained after the accelerated stability test, whereas the catalytic properties of Pt/C decreased. These results suggest that the Pt 2 NiCo/C trimetallic nanocatalyst is a promising candidate cathode electrode for use in PEMFCs.
Introduction
The H 2 -based polymer electrolyte membrane fuel cell (H 2 -PEMFC) has increased in importance because of its high energy conversion efficiency and low emission of pollutants into the atmosphere. Additionally, H 2 -PEMFCs can be designed according to diverse applications, including stationary, portable, and automotive systems [1] [2] [3] . However, similar to other developing technologies, H 2 -PEMFCs present challenges, including sluggish oxygen reduction reaction (ORR) kinetics that occur on the cathode side of a fuel cell. Therefore, there is a need to improve the performance of nanocatalysts to accelerate the cathodic reaction [4] [5] [6] . Current research efforts are focused on the design of electrode materials capable of enhancing kinetics and durability and reducing the cost associated with Pt-based cathode catalysts. In this context, noble-metal-based electrocatalysts and their alloys with low Pt content have been demonstrated to be an efficient and robust approach to address specific problems either in catalytic activity/selectivity or durability for the ORR, through understanding of the relationship between the electronic structure and catalytic activity of the catalyst [7, 8] . For this reason, Pt-based bimetallic systems studied by different groups show that modifying size, morphology, and composition can promote superior activities and stabilities by the synthesized catalysts relative to those by commercially available Pt/C nanoparticles [9] [10] [11] [12] .
Another alternative showing increased relevance is the design of trimetallic catalysts based on their status as good candidates for the ORR in acid medium [13] . In this context, different trimetallic systems, such as PtPdM 1 [14] , PtIrM 1 [15] , PtMoM 1 [16] , and PtM 1 M 2 (where M 1 and M 2 are non-noble metals; e.g., Fe, Co, Ni, and Cu among others) have been studied as candidates for the ORR [17] . Among the investigated trimetallic systems, PtM 1 M 2 systems have gained increased interest, because they allow the use of two non-noble metals; therefore, various PtM 1 M 2 nanoparticles (e.g., PtNiCu, PtNiCo, and PtNiFe) for the ORR in acidic medium have been studied [17] [18] [19] [20] . These PtM 1 M 2 trimetallic systems exhibit outstanding catalytic activity for the ORR in an acid medium. However, the application of these systems as cathodes in H 2 -PEMFCs needs to be studied extensively.
To contribute to research of trimetallic nanocatalysts for the ORR, we established a strategy for the design, synthesis, and characterization of a PtNiCo/C trimetallic electrocatalyst exhibiting enhanced activity and stability for the ORR in acid medium. It is important to note that some precedents serve as a starting point for this PtNiCo/C system. In this sense, several approaches have been reported. In 2010, Wanjala et al. [21] investigated the role of thermal treatment on the electrocatalytic properties of PtNiCo nanoparticles supported on carbon, finding that the mass activity (MA) of treated Pt 36 Ni 15 Co 49 /C (800 • C and 926 • C) was approximately four-fold higher than that of commercial Pt/C. In a recent study, Arán-Ais et al. [22] reported that the electrocatalytic activity of shape-controlled octahedral PtNiCo nanoparticles showed a three-fold enhanced MA relative to commercial Pt/C and sustained high activity after 4000 voltammetry cycles. In 2016, Wang et al. [23] synthesized PtNiCo/C-N nanocomposites with controlled morphology, with these exhibiting catalytic activity and stability superior to that of Pt/C for the ORR. Recently, NiCoPt/C alloy nanoparticles were synthesized using a solvothermal process and evaluated for their electrochemical performance for the ORR in acid medium [24] , demonstrating that the NiCoPt/C nanocatalyst presented a specific activity (SA) ∼3.7-fold higher than that of Pt/C. Additionally, a recent theoretical and experimental study was performed on ordered Pt 2 CoNi trimetallic electrocatalysts with an ORR catalytic activity five-fold to six-fold higher than that of Pt/C and showing excellent stability in acid medium [25] . In another study, a PtNiCo alloy nanocatalyst was obtained using a solvothermal process, followed by annealing and evaluated for the ORR in acidic medium, revealing that the PtNiCo-16h/C nanocatalyst showed an enhanced SA ∼12-fold higher than that of commercial Pt/C and with excellent stability [26] . Furthermore, Pt-wrapped CoNi bimetallic nanoparticles were the subject of a theoretical study and experimental validation for ORR in acid medium [27, 28] , showing their superior catalytic activities relative to commercial Pt/C [28] . The catalytic activities and stabilities reported to the date motivated the present investigation of PtNiCo/C trimetallic systems for the ORR in H 2 -PEMFCs.
In the present study, the synthesis, physical characterization, and electrochemical evaluation of the heat-treated Vulcan carbon dispersed Pt 2 NiCo trimetallic nanocatalyst are investigated. The Pt 2 NiCo catalyst was produced with a simple and low-cost chemical synthesis in organic medium, which has demonstrated to be a versatile method to produce PtNi/C bimetallic nanocatalysts with controlled size, composition, and shape [29, 30] . Hence, we have adjusted this protocol to synthesize the Pt 2 NiCo/C trimetallic nanoparticles with enhanced electrocatalytic activity and stability for the ORR.
Results and Discussion

Physical Properties of the Pt 2 NiCo/C Nanocatalyst
The powder XRD pattern of the as-synthesized Pt 2 NiCo nanocatalyst is presented in Figure 1 after removing the background and compared with the Bragg reflections of Pt face-centered cubic (FCC; black marks), Ni FCC (red marks), and Co FCC (green marks). The diffraction peak positions of the trimetallic Pt 2 NiCo nanoparticles show a shift to a higher 2θ as compared with metallic Pt, with the value for the Pt (111) peak in the reference located at 39.76 • , whereas the experimental peak is at 40.47 • (0.71 • higher). Moreover, the peak positions of the Pt 2 NiCo catalyst are located between elemental Pt, Ni, and Co. As previously reported, the significant shift to higher 2θ values relative to those of pure Pt is attributed to the formation of a Pt 2 NiCo trimetallic system [25] . Because the Pt 2 NiCo catalyst did not present superlattice peak positions similar to those reported by Lokanathan et al. [25] , we inferred that the synthesized catalyst is not a face-centered tetragonal structure. Otherwise, the experimental findings obtained here are similar to those reported with an FCC structure [25, 31] . The crystallite size was calculated using Topas Software [32] and considering an analysis of all the peaks of the diffractogram using a fundamental parameters approach for profile fitting. An average value for the crystallite size (11.25 nm) was obtained, with a weighted residual error of 5.917 and the goodness of fit at 2.17, thereby confirming a good fit of the model with the experimental data.
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The powder XRD pattern of the as-synthesized Pt2NiCo nanocatalyst is presented in Figure 1 after removing the background and compared with the Bragg reflections of Pt face-centered cubic (FCC; black marks), Ni FCC (red marks), and Co FCC (green marks). The diffraction peak positions of the trimetallic Pt2NiCo nanoparticles show a shift to a higher 2θ as compared with metallic Pt, with the value for the Pt (111) peak in the reference located at 39.76°, whereas the experimental peak is at 40.47° (0.71° higher). Moreover, the peak positions of the Pt2NiCo catalyst are located between elemental Pt, Ni, and Co. As previously reported, the significant shift to higher 2θ values relative to those of pure Pt is attributed to the formation of a Pt2NiCo trimetallic system [25] . Because the Pt2NiCo catalyst did not present superlattice peak positions similar to those reported by Lokanathan et al. [25] , we inferred that the synthesized catalyst is not a face-centered tetragonal structure. Otherwise, the experimental findings obtained here are similar to those reported with an FCC structure [25, 31] . The crystallite size was calculated using Topas Software [32] and considering an analysis of all the peaks of the diffractogram using a fundamental parameters approach for profile fitting. An average value for the crystallite size (11.25 nm) was obtained, with a weighted residual error of 5.917 and the goodness of fit at 2.17, thereby confirming a good fit of the model with the experimental data. Before the dispersion of the Pt2NiCo nanoparticles on the Vulcan carbon support, the morphological features of the prepared catalyst were investigated by STEM. Figure 2 shows that the Pt2NiCo nanoparticles are agglomerated as depicted in the low-magnification STEM micrograph. However, it is noticeable that the Pt2NiCo nanoparticles show a morphology of irregular quasispheres with an average size of ~9 to ~12 nm (Figure 2 Before the dispersion of the Pt 2 NiCo nanoparticles on the Vulcan carbon support, the morphological features of the prepared catalyst were investigated by STEM. Figure 2 shows that the Pt 2 NiCo nanoparticles are agglomerated as depicted in the low-magnification STEM micrograph. However, it is noticeable that the Pt 2 NiCo nanoparticles show a morphology of irregular quasi-spheres with an average size of~9 to~12 nm (Figure 2 Figure 3b , c show that the agglomerates comprised several nanoparticles with dimensions < 10 nm. Figure 3d shows the STEM image of the single Pt2NiCo nanoparticle, revealing a rounded morphology and lattice fringes on its surface and d-spacing of 2.20 Å, which is agreed with the d-spacing (2.21 Å) reported for the (111) plane of Pt2NiCo/C [25] . Additionally, comparing Figures 2 and 3 , it is worth mentioning that the Vulcan carbon did not affect either the size or morphology of the Pt2NiCo nanoparticles. Figure 4a , b, the isolated agglomerates are smaller relative to those formed before the electrochemical measurements. Although the nanoparticles formed linkages, these nanoparticles remained elongated, with rounded morphologies < 8 nm (Figure 4a -c). After the electrochemical measurements, the agglomerates presented cavities, with Figure 4d showing a magnified view of the framed zone in Figure 4c that provided further insight into cavity distribution. The linkages among catalytic nanoparticles gave way to well-defined cavities, which are homogeneously distributed (Figure 4d ). Therefore, this suggested that the Figure 3d shows the STEM image of the single Pt 2 NiCo nanoparticle, revealing a rounded morphology and lattice fringes on its surface and d-spacing of 2.20 Å, which is agreed with the d-spacing (2.21 Å) reported for the (111) plane of Pt 2 NiCo/C [25] . Additionally, comparing Figures 2 and 3, it is worth mentioning that the Vulcan carbon did not affect either the size or morphology of the Pt 2 NiCo nanoparticles. Figure 3b , c show that the agglomerates comprised several nanoparticles with dimensions < 10 nm. Figure 3d shows the STEM image of the single Pt2NiCo nanoparticle, revealing a rounded morphology and lattice fringes on its surface and d-spacing of 2.20 Å, which is agreed with the d-spacing (2.21 Å) reported for the (111) plane of Pt2NiCo/C [25] . Additionally, comparing Figures 2 and 3, it is worth mentioning that the Vulcan carbon did not affect either the size or morphology of the Pt2NiCo nanoparticles. Figure 4a , b, the isolated agglomerates are smaller relative to those formed before the electrochemical measurements. Although the nanoparticles formed linkages, these nanoparticles remained elongated, with rounded morphologies < 8 nm (Figure 4a -c). After the electrochemical measurements, the agglomerates presented cavities, with Figure 4d showing a magnified view of the framed zone in Figure 4c that provided further insight into cavity distribution. The linkages among catalytic nanoparticles gave way to well-defined cavities, which are homogeneously distributed (Figure 4d ). Therefore, this suggested that the Figure 4 shows a STEM image of the Pt 2 NiCo/C catalyst after the accelerated stability test (5000 cycles of CV from 0.60 V to 1.0 V/RHE). As shown in Figure 4a , b, the isolated agglomerates are smaller relative to those formed before the electrochemical measurements. Although the nanoparticles formed linkages, these nanoparticles remained elongated, with rounded morphologies < 8 nm (Figure 4a -c). After the electrochemical measurements, the agglomerates presented cavities, with Figure 4d showing a magnified view of the framed zone in Figure 4c that provided further insight into cavity distribution. The linkages among catalytic nanoparticles gave way to well-defined cavities, which are homogeneously distributed (Figure 4d ). Therefore, this suggested that the occurrence of cavities in the agglomerates maintained the high activity of the Pt 2 NiCo/C catalyst during the accelerated stability test.
Catalysts 2020, 10, x FOR PEER REVIEW 5 of 13 occurrence of cavities in the agglomerates maintained the high activity of the Pt2NiCo/C catalyst during the accelerated stability test. On the other hand, the lattice spacing computed from the high-resolution micrograph indicated that the d-spacing (3.63 Å) is consistent with that (3.66 Å) reported for the Pt2NiCo/C (001) plane (Figure 4d , inset) [25, 31] . Figure 4f shows a magnified view of the framed region in Figure 4e , with the lower inset showing that the (001) planes associated with Pt2NiCo/C predominated, whereas the upper inset shows a zoomed image revealing bright and dark intensities. According to Lokanathan et al. [25] , such intensities are associated with Pt and Co/Ni, respectively, because of the Z-contrast effect, which indicated the occurrence of Pt2NiCo/C. In this context, the region of interest (Figure 4f , upper inset) was processed to obtain an atomic resolution image of the Pt2NiCo/C. Analyzing this region, using the line profile tool in Gatan's Digital Micrograph software confirmed the d-spacing obtained (Figure 4f , lower inset).
To determine the chemical composition of the synthesized Pt2NiCo/C nanocatalyst before and after the 5000 CV cycles, we performed EDXS-SEM. Such measurements unambiguously determined the chemical composition of the as-synthesized Pt2NiCo/C nanocatalyst ( Figure S1 ), with the average chemical composition of the as-synthesized Pt2NiCo nanocatalyst at 56.1 ± 1.8 at.% Pt, 21.1 ± 1.2 at.% Ni, and 22.9 ± 0.7 at.% Co. In the as-synthesized Pt2NiCo/C catalyst, we measured a metal loading of 20 wt.% (Pt2NiCo) and a carbon loading of 80 wt.%. We used the EDXS-SEM results to normalize the Pt loading utilized in the electrochemical characterization. Additionally, EDSX-SEM detected the presence of ~2 to ~3% tungsten coming from W(CO)6, which was used in Pt2NiCo synthesis. Finally, a chemical composition of 65.7 at.% Pt, 30.2 at.% Ni, and 4.1 at.% Co was measured in the Pt2NiCo nanoparticles after the 5000 CV cycles. It is observed a clear reduction of Co content in the Pt2NiCo nanoparticles, which can be due to the dissolution of Co in acid medium during the 5000 CVs cycles.
Catalytic Activity for the ORR
We used the CV, CO-stripping, and RDE techniques to determine the electrocatalytic activity of the synthesized Pt2NiCo/C and commercial Pt/C nanocatalysts. Figure 5a shows the CV profiles of Pt2NiCo/C and commercial Pt/C in a scanning potential window from 0.05 V/RHE to 1.05 V/RHE. It is worth noting that the CV profiles of the Pt2NiCo/C and Pt/C materials differed (Figure 5a On the other hand, the lattice spacing computed from the high-resolution micrograph indicated that the d-spacing (3.63 Å) is consistent with that (3.66 Å) reported for the Pt 2 NiCo/C (001) plane (Figure 4d , inset) [25, 31] . Figure 4f shows a magnified view of the framed region in Figure 4e , with the lower inset showing that the (001) planes associated with Pt 2 NiCo/C predominated, whereas the upper inset shows a zoomed image revealing bright and dark intensities. According to Lokanathan et al. [25] , such intensities are associated with Pt and Co/Ni, respectively, because of the Z-contrast effect, which indicated the occurrence of Pt 2 NiCo/C. In this context, the region of interest (Figure 4f , upper inset) was processed to obtain an atomic resolution image of the Pt 2 NiCo/C. Analyzing this region, using the line profile tool in Gatan's Digital Micrograph software confirmed the d-spacing obtained (Figure 4f , lower inset).
To determine the chemical composition of the synthesized Pt 2 NiCo/C nanocatalyst before and after the 5000 CV cycles, we performed EDXS-SEM. Such measurements unambiguously determined the chemical composition of the as-synthesized Pt 2 NiCo/C nanocatalyst ( Figure S1) , with the average chemical composition of the as-synthesized Pt 2 NiCo nanocatalyst at 56.1 ± 1.8 at.% Pt, 21.1 ± 1.2 at.% Ni, and 22.9 ± 0.7 at.% Co. In the as-synthesized Pt 2 NiCo/C catalyst, we measured a metal loading of 20 wt.% (Pt 2 NiCo) and a carbon loading of 80 wt.%. We used the EDXS-SEM results to normalize the Pt loading utilized in the electrochemical characterization. Additionally, EDSX-SEM detected the presence of~2 to~3% tungsten coming from W(CO) 6 , which was used in Pt 2 NiCo synthesis. Finally, a chemical composition of 65.7 at.% Pt, 30.2 at.% Ni, and 4.1 at.% Co was measured in the Pt 2 NiCo nanoparticles after the 5000 CV cycles. It is observed a clear reduction of Co content in the Pt 2 NiCo nanoparticles, which can be due to the dissolution of Co in acid medium during the 5000 CVs cycles.
We used the CV, CO-stripping, and RDE techniques to determine the electrocatalytic activity of the synthesized Pt 2 NiCo/C and commercial Pt/C nanocatalysts. Figure 5a shows the CV profiles of Pt 2 NiCo/C and commercial Pt/C in a scanning potential window from 0.05 V/RHE to 1.05 V/RHE. It is worth noting that the CV profiles of the Pt 2 NiCo/C and Pt/C materials differed (Figure 5a ), and that three regions are identified in the CVs of both nanomaterials: (1) a hydrogen zone (0.05-0.3/RHE), (2) a double-layer capacitance (0.3-0.7 V/RHE), and (3) oxide and hydroxide adsorption (0.7-1.05 V/RHE). However, in the hydrogen zone, significant changes are observed between the Pt 2 NiCo/C and Pt/C profiles. The Pt/C CV in the hydrogen adsorption/desorption zone showed a well-defined characteristic profile and high current density, whereas the synthesized nanocatalyst showed a large decrease in current density in this region. Previous studies suggest that the decrease in current could be associated with the presence of tungstate species (WO 3 ) formed and deposited during synthesis on the surface of Pt nanoparticles, which are expected to block the active sites [33] .
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where ECSA represents the Pt ECSA (m 2 gPt −1 ), Q CO is the charge transferred to oxidize the pre-adsorbed CO monolayer, 420 µCcm −2 is used as a conversion factor, L Pt is the Pt loading (mg Pt cm −2 ) on the working electrode, and A geo (cm 2 ) is the geometric surface area of the glassy carbon electrode (i.e., 0.196 cm 2 ). Figure 5b shows an illustration of the CO electrooxidation peaks of the Pt 2 NiCo/C and commercial Pt/C nanocatalysts. Moreover, the nature of such a characteristic peak of the Pt 2 NiCo/C (0.70 V/RHE) nanocatalyst differed from that of the Pt/C (0.8 V/RHE) nanocatalyst. This change in CO peak can be associated to the crystallographic planes, shape, size, composition, and agglomeration of the Pt 2 NiCo nanoparticles [37, 38] . The calculated ECSAs of the Pt 2 NiCo/C and commercial Pt/C nanocatalysts are presented in Table 1 , where it is observed that the Pt 2 NiCo/C nanocatalyst presented a lower ECSA relative to that for Pt/C. This decrease can be attributed to the agglomeration of the Pt 2 NiCo nanoparticles on the carbon (Figure 3) .
We used the RDE technique to investigate the ORR of Pt 2 NiCo/C and Pt/C in acid medium. The potentiodynamic polarization curves of the Pt 2 NiCo/C and Pt/C electrocatalysts toward the ORR in acid medium are displayed in Figure 6 . For the evaluated nanocatalysts, the three characteristic regions are identified, as previously reported [28, 39] . The synthesized nanocatalyst presented a lower overpotential for ORR activation than that for Pt/C, and the half-wave potential (E 1/2 ) of Pt 2 NiCo/C is 0.91 V/RHE, whereas that of Pt/C is 0.89 V/RHE. Based on the E 1/2 values, these results suggested that Pt 2 NiCo/C is a better catalyst toward the ORR than Pt/C in acid medium. Additionally, we used kinetic currents to determine the SA and MA. The protocol used for the mass transfer correction and determination of the SA and MA was previously reported [36] . The SA was calculated using the following equation:
where Ik is the kinetic current. Table 1 shows the kinetic parameters deduced from the electrochemical results of ORR on Pt2NiCo/C and Pt/C in acid medium. The measured SA for the Pt2NiCo/C nanocatalyst is ~6.4-fold higher than that of Pt/C, whereas the calculated MA of the Pt2NiCo/C is ~2.2-fold higher than that of Pt/C. Additionally, these results are at least two-fold higher than those for the PtNi/C and PtCo/C electrocatalysts synthesized using a combination of mechanical milling and galvanic displacement and reported recently in our previous work [40] . Moreover, the MA results are similar to those reported by Wang et al. [20] , where they used thermal annealing (600 °C) of PtNiCo/C nanoparticles to achieve an MA of 0.50 A mg −1 Pt. However, in that study, the authors also reported a PtCoFe/C catalyst with an MA of 0.65 A mg −1 Pt [20] . Furthermore, at low current density, the synthesized catalyst showed a Tafel slope of −56.2 mV dec −1 , which was similar to that for Pt/C (−55.5 mV dec −1 ), assuming that the first electron transfer step (O2 + H + + e − → OOH) on an active site is the rate-limiting step. From Kentucky-Levich plot for Pt2NiCo/C, a B0 value of 0.1153 mA cm −2 rpm −1/2 was obtained, which agreed with the calculated value for the Pt/C catalyst (B0 = 0.1380 mA cm −2 rpm −1/2 ) and indicated a four-electron transfer process leading to water formation. These data suggested that the enhanced catalytic activity could be explained through interactions between Co and Ni with Pt on the carbon-supported catalyst. Additionally, we used kinetic currents to determine the SA and MA. The protocol used for the mass transfer correction and determination of the SA and MA was previously reported [36] . The SA was calculated using the following equation:
where I k is the kinetic current. Table 1 shows the kinetic parameters deduced from the electrochemical results of ORR on Pt 2 NiCo/C and Pt/C in acid medium. The measured SA for the Pt 2 NiCo/C nanocatalyst is~6.4-fold higher than that of Pt/C, whereas the calculated MA of the Pt 2 NiCo/C is~2.2-fold higher than that of Pt/C. Additionally, these results are at least two-fold higher than those for the PtNi/C and PtCo/C electrocatalysts synthesized using a combination of mechanical milling and galvanic displacement and reported recently in our previous work [40] . Moreover, the MA results are similar to those reported by Wang et al. [20] , where they used thermal annealing (600 • C) of PtNiCo/C nanoparticles to achieve an MA of 0.50 A mg −1 Pt . However, in that study, the authors also reported a PtCoFe/C catalyst with an MA of 0.65 A mg −1 Pt [20] . Furthermore, at low current density, the synthesized catalyst showed a Tafel slope of −56.2 mV dec −1 , which was similar to that for Pt/C (−55.5 mV dec −1 ), assuming that the first electron transfer step (O 2 + H + + e − → OOH) on an active site is the rate-limiting step. From Kentucky-Levich plot for Pt 2 NiCo/C, a B 0 value of 0.1153 mA cm −2 rpm −1/2 was obtained, which agreed with the calculated value for the Pt/C catalyst (B 0 = 0.1380 mA cm −2 rpm −1/2 ) and indicated a four-electron transfer process leading to water formation. These data suggested that the enhanced catalytic activity could be explained through interactions between Co and Ni with Pt on the carbon-supported catalyst. 
Catalytic Stability for the ORR
As previously discussed, the synthesized Pt 2 NiCo/C catalyst can be considered a better candidate for ORR than the commercial Pt/C in acid medium; however, to better understand the electrocatalytic performance, we developed stability tests. To this end, the Pt 2 NiCo/C and Pt/C nanocatalysts were subjected to a detailed stability test involving 5000 cycles of CV from 0.60 V to 1.0 V/RHE. The CO-stripping and RDE were used to determine the electrochemical performance after the 5000 cycles of CV. The CO electrooxidation peaks for the Pt 2 NiCo/C (Figure 7a) and Pt/C nanocatalysts before and after stability testing did not change significantly. This suggested that the synthesized material maintained its ECSA, which can be attributed to the high stability of the supported trimetallic Pt 2 NiCo nanoparticles, whereas results for the commercial Pt/C showed a loss of~10% of its ECSA (Figure 8a ). The initial potentiodynamic curves for synthesized Pt 2 NiCo/C before and after 5000 potential cycles of CV are shown in Figure 7b . It is important to note that an outstanding result of this study is the high stability of the synthesized catalyst, given that there is no loss of activity after the 5000 cycles of CV. For Pt/C, the potentiodynamic curve shifted to higher overpotentials ( Figure S2 ), suggesting that the Pt 2 NiCo/C catalyst is more stable than Pt/C toward the ORR in acid medium. Figure 8 shows the average values of SA and MA for the Pt 2 NiCo/C and Pt/C nanocatalysts, revealing increases in both for the Pt 2 NiCo/C nanocatalyst after the 5000 CV cycles. This increase in catalytic activity can be associated with the cleaning (removal of the surfactant mixture) of the catalyst surface by application of the 5000 CV cycles to the Pt 2 NiCo nanoparticles [41] and to the electronic structure modification of the Pt 2 NiCo nanoparticles ( Figure 4) [24, 42] . The Pt/C nanocatalyst showed no significant change in SA after the 5000 CV cycles, whereas the MA decreased by~20% (Figure 8c ). Furthermore, the MA of the Pt 2 NiCo/C nanoparticles after the 5000 CV cycles (0.57 A mg −1 Pt ) is similar to that reported previously for PtFeCo/C after 10,000 CV cycles (0.55A mg −1 Pt ) [20] .
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Reagents
Synthesis of Pt2NiCo Nanoparticles
For the synthesis of Pt2NiCo nanoparticles, Pt (acac)2 (0.1183 mmol, 46.6 mg) and Ni (acac)2 (0.0443 mmol, 11.4 mg) were dissolved in OA (1.0 mL), OAm (2.0 mL), and BE (7.0 mL) in a threeneck flask, and the obtained solution was heated at 130 °C under magnetic stirring and nitrogen atmosphere. After nitrogen purging was stopped, W(CO)6 (0.0276 mmol, 9.7 mg) and Co2(CO)8 (0.0146 mmol, 5 mg) were quickly added. In this study, W(CO)6 was used as a reducing agent. The solution is then heated at 230 °C with heating rate of ~10 °C min −1 and maintained at 230 °C for 40 min. The Pt2NiCo nanoparticles were washed several times with hexane, and the supernatant was removed by centrifugation at 12,000 rpm for 5 min. 
Materials and Methods
Reagents
Synthesis of Pt 2 NiCo Nanoparticles
For the synthesis of Pt 2 NiCo nanoparticles, Pt (acac) 2 (0.1183 mmol, 46.6 mg) and Ni (acac) 2 (0.0443 mmol, 11.4 mg) were dissolved in OA (1.0 mL), OAm (2.0 mL), and BE (7.0 mL) in a three-neck flask, and the obtained solution was heated at 130 • C under magnetic stirring and nitrogen atmosphere. After nitrogen purging was stopped, W(CO) 6 (0.0276 mmol, 9.7 mg) and Co 2 (CO) 8 (0.0146 mmol, 5 mg) were quickly added. In this study, W(CO) 6 was used as a reducing agent. The solution is then heated at 230 • C with heating rate of~10 • C min −1 and maintained at 230 • C for 40 min. The Pt 2 NiCo nanoparticles were washed several times with hexane, and the supernatant was removed by centrifugation at 12,000 rpm for 5 min.
Preparation of the Pt 2 NiCo/C Nanocatalyst
Pt 2 NiCo nanoparticles were dispersed in 60 mL of isopropyl alcohol under magnetic stirring for 5 h. Simultaneously, the heat-treated Vulcan carbon was dispersed in isopropyl alcohol under agitation for 5 h. Thereafter, these two solutions were sonicated for 2 h to obtain a catalyst loading of 20 wt.% Pt 2 NiCo dispersed on 80 wt.% Vulcan carbon. The Pt 2 NiCo/C catalysts were then collected by centrifugation at 12,000 rpm for 10 min.
Physical Characterization
The Pt 2 NiCo/C nanocatalyst was characterized through powder X-ray diffraction (XRD), scanning transmission electron microscopy (STEM), and energy-dispersive X-ray spectroscopy (EDXS). XRD was used to obtain the diffraction pattern of the Pt 2 NiCo/C nanocatalyst, with the XRD measurements developed in a Bruker (BRUKER AXS, Inc., MA, USA) diffractometer with Cu Kα radiation (λ = 1.54 Å). The PDF-2 database was used for pattern identification. The average elemental composition of the Pt 2 NiCo/C nanoparticles was determined using an EDXS system coupled to a Zeiss Auriga scanning electron microscope (SEM; Carl Zeiss, Oberkochen, Germany) operated at 20 kV. The shape and size of the Pt 2 NiCo/C trimetallic nanoparticles were determined using an ARM200F-JEOL microscope (JEOL, Tokyo, Japan) operated at 200 keV. All STEM data were analyzed using the commercial software Digital Micrograph (Gatan Inc., Pleasanton, CA, USA).
Electrochemical Measurements
Catalytic inks were fabricated for the Pt 2 NiCo/C and Pt/C (Pt/C Etek ® 20 wt.%) catalysts according to a previously reported protocol [43] and deposited on a glassy carbon disk electrode (0.196 cm 2 ) with Pt loadings of 20 ± 2 µg Pt cm geo −2 . Electrochemical experiments were performed at room temperature (25 ± 2 • C) in a three-electrode electrochemical cell using a 0.1 M HClO 4 solution as electrolyte. An Autolab PGSTAT302N potentiostat/galvanostat (Metrohm Autolab B.V., Utrecht, Utrecht, The Netherlands) was used for the electrochemical procedures. A platinum mesh and a reversible hydrogen electrode (RHE) were employed as the counter electrode and reference electrode, respectively. The catalytic activities of Pt 2 NiCo/C and Pt/C were investigated using cyclic voltammetry (CV), CO-stripping, and a rotating disk electrode (RDE). The description of these procedures was reported previously [39] .
Conclusions
Here, we investigated a trimetallic Pt 2 NiCo/C nanocatalyst with enhanced activity and durability toward the ORR in acid medium. The chemical synthesis with OAm, OA, BE, and W(CO) 6 (reducing agent) was demonstrated to be a versatile protocol for producing trimetallic nanoparticles (~10 nm). XRD, EDXS-SEM, and STEM analyses confirmed the co-existence of the three metals in the synthesized Pt 2 NiCo nanoparticles, and the computed SA for the Pt 2 NiCo/C nanocatalyst is~6.4-fold higher relative to that for Pt/C, whereas the calculated MA for Pt 2 NiCo/C is~2.2-fold higher than that of Pt/C. Additionally, the SA and MA of the synthesized material is maintained after accelerated stability testing, whereas for Pt/C, these properties decreased. These results suggest that the Pt 2 NiCo/C trimetallic nanocatalyst is a better candidate than Pt/C toward the ORR in acid medium. Furthermore, the Pt 2 NiCo/C catalyst fulfilled the expectations required for a better catalyst, including decreased Pt content in the chemical composition, increased catalytic activity, and promising long-term stability for ORR.
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